Aim: Gold nanoparticles (GNPs) are intended to be used in nanomedicine. Due to nanotechnology innovation GNPs of variable sizes and in different shapes including rods, spheres, cubes, etc., can easily be produced. The aim of the present studies was to evaluate the cyto-and genotoxicity inducible by different shaped GNPs on normal human peripheral blood lymphocytes.
Introduction
Biotechnology research uses nanoparticles in different approaches including drug therapy (1), antimicrobial agents (2) , vectors (3) and fluorescence markers (4) . Inertness is the main characteristic of gold. This propriety allowed using gold in human medicine starting from dentistry to implantation as radioactive material in cancer treatments (5, 6) . Advanced nano-techniques produce gold in different sizes and shapes, such as rod (7) , sphere (8) , cube (9) and triangle/prism (10) , allowing absorption and scattering of light in the visible and near infrared wavelengths (11) . Investigation of cytotoxicity of Gold nanoparticles (GNPs) was previously reported in cancer cell lines. Patra et al. (12) demonstrated that GNPs induced apoptosis in human carcinoma lung cancer cell line (A549) and did not induce effects on baby hamster kidney (BHK21) and human hepatocellular carcinoma (HepG2) cell lines. Connor et al. (13) used GNPs in drug delivery assuming their safety upon cells.
The authors studied the potential of macrophages to uptake GNPs (nanorods and nanospheres). They found that macrophages engulfed nanorods more rapidly than nonospheres. Also, they found that GNPs have the ability to penetrate macrophages and induce micropinocytosis as detected with electron microscope. Also, they inserted polyethylene oxide inside nanorods which in turn changed macrophages phenotypes due to increase the time of uptake of PEO-coated nanorods inside macrophages. This longer time induced inflammation due to accumulation of nanoparticles (14) .
Recent reports found that GNPs penetrated cellular membrane of B-lymphocyte cell line (CH12.LX) and interacted with NF-κB signaling pathway, responsible for regulating immune system against infection (15) , as investigated with TEM. They illustrated that activation of transcriptional NF-κB signaling pathway led to activate IKKα and IKKβ, degenerate IκBα and promote nuclear RelA activation (16) . There are several studies reported functional properties of GNPs on different cells including in vitro and in vivo studies (17) (18) (19) .
Activation of proteases (caspases) considered one of the main pathways affecting apoptosis (programmed cell death), due to morphological and biochemical changes occur inside cells (20, 21) . Conglomerzation as a result from chromatin condensation, DNA fragmentation beside cellular shrinkage and blebbing are the main characteristics to apoptosis (22) (23) (24) . Cells are considered in early apoptosis once they start the programed cell death, in this stage phosphatidyl serine is expressed on intact cellular membrane surface to facilitate identification by phagocytic cells. As apoptosis proceeds, cells transfer from early apoptosis stage to late apoptosis stage or secondary necrosis which leads to permeability of cellular membrane (25) . Exposure of cells to environmental chocks including utmost high or low temperatures, mechanical pressure or chemical toxins can induce cellular membrane punctures leading to primary necrotic cells (26) . Some authors consider necrosis directs cells to die independently as a passive victim, but others refer to necrosis as atrophy process resulted from mechanism of cell death (27, 28) .
Some caspases possess proteolytic activity leading to protein cleavage at aspartic acid residues, others are activated to recognize the neighboring amino acids, and both direct cells irreversibly to programmed cell death. The main functional caspases include the following groups: CASP2, CASP8, CASP9, and CASP10 as initiators; CASP3, CASP6 and CASP7 as effectors or executioners; CASP1, CASP4 and CASP5 as inflammatory groups (29, 30) ; CASP11 as regulator to apoptosis and cytokine maturation during septic shock; CASP2 as mediator to endoplasmicspecific apoptosis and cytotoxicity by amyloid-B; CASP13 as specific bovine gene; and CASP14 as mediator in embryonic tissues only (31) (32) (33) (34) .
Tumor suppressor gene (TP53) is known as the guardian of the genome as it regulates cell cycle and protects genome from mutations (35) . The importance of the TP53 gene comes from its p53 protein which encodes to antiproliferative functions by controlling protein-protein interactions, thus mutations in TP53 gene is accompanied with human cancer (36, 37) . Tumor Necrosis Factor alpha (TNF) is one of the inflammatory cytokines produced by macrophages or monocytes, and organizes a wide range of signals transduction within cells to initiate apoptosis or necrosis (38) . C-reactive protein (CRP) is one of the inflammatory proteins expressed in late inflammation (39, 40) . Its expression allows identification of pathogens and dead cells to facilitate their elimination by phagocytes (41) .
One of the molecular cytogenetic approaches used to investigate genotoxicity is interphase-fluorescence in situ hybridization (I-FISH). The efficiency of I-FISH comes from its potential to screen numerous targets using multicolor I-FISH technique (42) . Also, I-FISH screens chromosome mosaicism and intercellular genomic variances such as numerical (aneuploidy or polyploidy) and structural chromosomes abnormalities (43) .
This study was targeting to investigate the potential of GNPs to induce cytotoxicity and genotoxicity in human blood lymphocytes in vitro. Therefore different genetic markers including CASP3, CASP7, CASP9, TP53, TNF and CRP genes were studied to assess the genomic damage and apoptosis/necrosis which could be induced by GNPs of different shapes.
Materials and methods

Preparation of gold nanoparticles (GNPs)
Big rod GNPs (BR-GNPs, 50 nm), small rod GNPs (SR-GNPs, 30 nm), sphere GNPs (S-GNPs, 15 nm) and semi-cube GNPs (SC-GNPs, 15 nm) were synthesized following the modified seed-mediated protocol of Nikoobakht and El-Sayed (44) . Firstly, the seed nanoparticles were synthesized by adding 5.0 mL of HAuCl 4 (1.0 mM) to 5.0 mL of cetyltrimethylammonium bromide (CTAB, 0.2 M) (0.2 M) followed by the addition of ice-cold NaBH 4 (0.6 mL, 10.0 mM). The solution was then stirred for 2 min.
The second step was different and related to each shape as follows:
A. Preparation of BR-GNPs
In the growth solution, the following has been added in sequence; 10 mL of HAuCl 4 (1.0 mM), 10 mL of CTAB (0.2 M), 0.5 mL of AgNO 3 (4.0 mM), HCl (160 μL, 37%) and 0.14 mL of ascorbic acid (78.8 mM), then gentle shaking until the solution became colorless; after that 24 μL of the seed solution (prepared in the first step) were injected directly to the growth solution; then the growth solution kept undisturbed for 12 h.
B. Preparation of SR-GNPs
The procedure was as described before, just AgNO 3 solution 4.0 mM, 0.35 mL was added.
C. Preparation S-GNPs
The procedure was as described before, just no AgNO 3 solution was added.
D. Preparation SC-GNPs
The procedure was as described before, just AgNO 3 solution 4.0 mM, 0.25 mL was added.
The resultant CTABs stabilized with different gold nanaoparticles were purified by centrifugation (2 times) and re-dispersed in deionized water. The produced particles were incubated overnight with the equivalent amount of Methoxy-Polyethylene-Glycol-Thiol, then centrifuged and the excess supernatant was removed. The absorption spectrum of the prepared PEGylated-GNP solutions was measured using a Jasco UV-vis-near-infrared spectrophotometer, V-630. Transmission electron microscope (TEM) type JEOL-JSGM T1230 was used to examine the morphology and particle size of the prepared PEGylated-GNPs.
Cell culture
Human blood lymphocytes were collected from a 35-year-old healthy female volunteer for all the experimental studies. Lymphocytes were routinely cultured in RPMI 1640 media with 2 mM L-glutamine, and were supplemented with 10% fetal bovine serum, penicillin (100 units/mL), and streptomycin (100 μg/mL). Cells were maintained in humidified air containing 5%CO 2 at 37°C for 48 h before applying the sterile conditions for the different treatments.
Treatments
Five different experiments were performed. In the first experiment, cells were incubated for 24 h without treatments as a negative control. For the other experiments, lymphocytes were treated for 24 h with BRGNPs, SR-GNPs, S-GNPs or SC-GNPs at variable concentrations (0.05, 0.1, 0.5 and 1.0 μg/mL) before final incubation of 24 h. Colcemid at a final concentration of 1-μg/mL was added to cultured human blood lymphocytes and incubated at 37°C for 90 min, and then the tubes were centrifuged. The pellets were resuspended in 5 mL 0.075 M KCl and incubated at 37°C for 20 min, then centrifuged. Carnoy's fixative [methanol:acetic acid (3:1)] was added to the pellets, then the mixture was centrifuged, resuspended, and incubated at -20°C for 5 min fixative; finally the preparation was finalized with a last centrifugation step. The supernatant was discarded, and the cells were diluted in 200 μL of the remaining supernatant and placed on a slide (45) .
Mitotic index (MI)
The prepared slides for FISH analysis were used to determine the mitotic index (MI), which was based on the scoring of at least 1000 cells for each sample. The number of dividing cells including prophases and metaphases was recorded. The MI was calculated as number of dividing cells/total number of counted cells.
Interphase-FISH analysis (I-FISH)
For I-FISH purposes, the air dried slides with the target DNA were denatured in 70% formamide/2 × SSC at 70-75°C for 2-3 min, transferred to chilled 70% ethanol and then dehydrated through ethanol series. The slides were air dried and used for commencing I-FISH. Specific gene markers were prepared by using specific bacterial artificial chromosomes (BACs) and were directly labeled with the different fluorochromes (Table 1 ). The specific BACs for genes involved in apoptosis and/or necrosis were used are listed in Table 1 . The fluorescently labeled DNA probes were hybridized to the samples. The DNA probes were denatured, applied on denatured target DNA on slides, covered by a 22 mm × 22 mm cover slip and sealed with rubber cement. The probes and target DNA were hybridized by incubation of slides at 37°C for 24 h and stained with nuclear counterstain 4,6-diamidino-2-phenylindole (DAPI). Fluorescence microscopy (Axio Imager Z2, Carl Zeiss, Jena, Germany) with MetaSystems Isis software was used to analyze and record all observed signal patterns. At least 100 interphase cells were analyzed for each sample with filters specific Table 1 List of used bacterial artificial chromosomes (BACs) probes, their identification by and specific gene type, the cytogenetic localization of the probes (cytoband), molecular position according to NCBI36/hg18 and the labeled fluorochrome. 
Gene
Apoptosis and necrosis test
To acquire the effect of GNPs on cell death, apoptosis and necrosis were investigated using acridine orange/ethidium bromide staining (47) . Human blood lymphocytes were cultured in 6-well plates at a density of 5 × 10 5 cells/well and treated with two concentrations (0.1 and 1.0 μg/mL) of different shapes of GNPs and then incubated for 24 h. The cells were stained using the nucleic acid-binding dye mixture of 100 μg/mL acridine orange and 100 μg/mL ethidium bromide in PBS, and were examined by fluorescence microscopy. Viable cells had green fluorescent nuclei with organized structure. The early apoptotic cells had yellow chromatin in the nuclei that were highly condensed or fragmented. Apoptotic cells also exhibited membrane blebbing. The late apoptotic cells had orange chromatin with nuclei that were highly condensed and fragmented. Only cells with yellow, condensed, or fragmented nuclei were registered as apoptotic cells in a blind, nonbiased manner. The necrotic cells had bright orange chromatin in round nuclei (48) . For each sample, at least 500 cells/ well in the six wells were counted, and the percentage of apoptotic or necrotic cells was determined as total number of apoptotic or necrotic cells/total number of counted cells × 100.
Statistical analysis
The statistical analysis with GraphPadInStat software was used. MI and apoptotic-necrotic tests were carried out by One-way ANOVA with post test and values were expressed as means±standard deviation (SD). Data for I-FISH was analyzed using 2χ 2 contingency test.
Results
Characterization of GNPs
TEM images ( Figure 1A ) illustrate the four types of prepared GNPs as with almost sizes BR-GNPs 50 nm length and 12 nm width, SR-GNPs 30 nm length and 12 nm width, S-GNPs 15 nm length and SC-GNPs 15 nm length. It is also noted that the nanoparticles in the gold nanoclusters were nearly individually isolated. Also Figure 1B presents the UV-vis absorption spectra of the prepared gold sols, in which the absorption bands were characteristic of the surface plasmon bands of each GNPs type.
Mitotic index
Human blood lymphocytes from a healthy female volunteer with normal karyotype were used to carry out these experimental studies (Figure 2A) . The effect of different shaped GNPs at variable concentrations on cell division, including divided and non-divided cells, was recorded ( Figure 2B , C). BR-GNPs did not affect on MI of lymphocytes in a significant manner when applied at lowest concentrations (0.05 μg/mL). Reduction in cell division was observed to be highly significant (p < 0.001) with all other higher concentrations of BR-GNPs ( Figure 2D ).
For the other GNPs shapes including SR-GNPs, S-GNPs and SC-GNPs, it has been demonstrated that they inhibited the cell proliferation in an extremely significant manner (p < 0.001) including the lowest concentrations; also they almost prevented cell division when using the highest concentrations ( Figure 2D ).
I-FISH
The mode of action of GNPs to induce cyto-and genotoxicity was evaluating by measuring their effects on four genes specific for apoptosis and two specific for necrosis. Each gene exists in two copies per cell in normal cells.
We investigated the genotoxicity of GNPs on lymphocytes by assessing the percentages of deletion or duplication of signals for each gene with different GNPs concentrations. Figure 3 illustrates some typical figures for I-FISH in human blood lymphocytes with differently labeled probes.
It was demonstrated that all shapes of GNPs did not affect on CASP3, CASP7 and CASP9 genes at low concentration (0.05 μg/mL): neither deletions nor amplifications were observed. Interestingly for CASP3 gene, GNPs initiated highly significantly (p < 0.001) duplication of signals which was positively correlated with increasing concentrations. While the percentage of nuclei with loss of signals was reduced significantly with increasing concentrations of GNPs, the proportion of duplication was found to be twice times higher than that of deletions (Table 2 ). For CASP7 and CASP9 genes, GNPs with all shapes induced in treated cells both duplication and reduction of signals (p < 0.001; Table 2 ).
For TP53, TNF and CRP genes (Table 3) , it was demonstrated that BR-GNPs did not stimulate duplication or reduction of signals at the lowest concentration (0.05 μg/ mL). With higher concentrations, GNPs evoked significant reduction of signals and these deletions were increased highly significantly and reached significance of p < 0.001 when high concentrations of GNPs (1.0 μg/mL) were applied. However, the percentages of cells with duplicated signals were observed to grow with increasing GNP-concentrations, the proportion of signal-loss was higher than that of duplication (Table 3) .
Apoptosis and necrosis
The effects of different shapes GNPs in inducing apoptotic and/or necrotic effects on lymphocytes were evaluated using ethidium bromide-acridine orange dyes. Figure 1 Illustration of (A) the morphology and particle size of prepared gold nanoparticles with TEM and (B) the absorption spectrum of the prepared GNPs solution were measured using a Jasco UV-vis-near-infrared spectrophotometer, V-630.
Two concentrations were used to evaluate cyto-and genotoxicity of GNPs (0.1 and 1.0 μg/mL). BR-GNPs reduced the ratio of viable cells in comparison to non-treated cells significantly (p < 0.01) at concentration 0.1 μg/mL. Still, the higher concentration (1.0 μg/mL) reduced the ratio of cell viability significantly (p < 0.001) in comparison to nontreated cells. For SR-GNPs, S-GNPs and SC-GNPs, the cell viability reduced with extremely high significant manner (p < 0.001) with both concentrations in comparison to nontreated cells ( Figure 4B ).
For induction of apoptotic and/or necrotic cell death in the treated lymphocytes, it was observed that BR-GNPs with the two concentrations, and SR-GNPs, S-GNPs and SC-GNPs with the lower concentration did not significantly increase the ratio of apoptotic and/or necrotic cell death. However, SR-GNPs increased the ratios of apoptotic and necrotic cell death extremely significant (p < 0.001) in comparison to the ratios of apoptotic and necrotic cell death in non-treated cells. S-GNPs enhanced necrotic cell death path way and the ratio of necrotic cell death increased with strong significance (p < 0.001) in comparison to the ratio of necrotic cell death in non-treated cells. SC-GNPs evoked the programmed cell death with apoptotic pathway with the higher concentration and the ratio of apoptotic cell death increased with strong significance (p < 0.001) in comparison to the ratio of apoptotic cell death in non-treated cells ( Figure 4B ).
Discussion
Preparation and investigation of GNPs with different sizes for cancer photothermal therapy is an important mission to detect the suitable size and concentration of GNPs without inducing cyto-and/or genotoxicity.
Our results found that all shapes of GNPs with variable concentrations induced cytotoxicity in human blood lymphocytes. This cytotoxicity represented by mitotic activity inhibition of blood lymphocytes. Only low concentration of BR-GNPs did not induce cytotoxic effects in lymphocytes. These results were in agreement with the previous works which demonstrated that nanorods did not induce significant toxicity in Hela cells (49, 50) . However, high concentrations of nanorods induced cytotoxicity in fibroblasts, epithelial cells and melanoma in concentrator dependent manner (51) .
The potential of GNPs to induce cytotoxicity in human blood lymphocytes as demonstrated in this research study may be returned back to the small size of GNPs. The cytotoxicity and inhibition of mitotic activity increased with reducing the diameter of GNPs from 50 nm with BR-GNPs to 30 nm with SR-GNPs or 15 nm with S-GNPs and SC-GNPs. The small sizes of GNPs could give them the ability to diffuse freely through the nuclear membrane ad become in direct contact with DNA. Zhao and Nalwa (52) found that small sized GNPs and silica nanoparticles were collected in nuclei, and returned that back to the potential of these small sized nanoparticles to penetrate nuclear membranes and condensate upon DNA.
The evaluation of caspase gene stability with I-FISH assay demonstrated that GNPs enhanced the duplication of CASP3, CASP7 and CASP9 signals in I-FISH highly significantly. Previous works approved that caspases induce radical changes in apoptotic cells due to activating proteolysis proteins which lead to blocking many substrates such as PAK2, rabaptin-5, gelsolin and focal adhesion kinase (53) (54) (55) (56) . The most effector caspases is CASP3 which concerns mainly with proteolysis substrates and cleaves inactive DNA fragmentation factors to trigger apoptosis (57) (58) (59) .
Our data suggests that GNPs may induce apoptotic effects upon human blood lymphocytes especially in higher concentrations. The ratio of duplicated signals of caspases to that of deleted signals reached to ∼3-fold with BR-GNPs and SR-GNPs and to about 10 folds with SC-GNPs especially with CASP3 at higher concentrations. The significant duplication of caspase genes signals (CASP3, CASP7 and CASP9) in concert with GNPs treatments in our experimental I-FISH extremely increased the apoptotic activity. Chen et al. (60) demonstrated that induction of apoptosis on adenomatous polyposis coli is correlated with increasing caspases expression levels. Also, they mentioned that CASP3 is the main executioner caspases, and its activation depends upon initiator Caspases including CASP8, CASP9 and CASP10. Besides, CASP3 responsible for endonuclease caspase-activated DNase (CAD), which degenerates chromosomal DNA forming chromatin condensation, alters cytoskeleton and disintegrates cells into apoptotic bodies (59) .
GNPs affected highly significant on TP53 gene copy numbers with the four types BR-GNPs, SR-GNPs, S-GNPs and SC-GNPs. The ratio of TP53 with gained signals and lost signals was observed to be highly significant in comparing to non-treated cells. The main function of TP53 is to regulate cell growth, enhance DNA repair or induce apoptosis (61) . Thus, the percentages of gained signals after treatments with the four types of GNPs could be triggered apoptosis. While the high ratio signal-loss might be due to the failure of TP53 gene to regulate cell growth or enhance DNA repair in damaged cells and consequently induction of apoptosis may be the result.
There was a great reduction in the signals of TNF and CRP genes after treatment with all types of GNPs in comparing to non-treated cells. The ratio of lost signals for these genes was about 3-fold higher than the gain signals. It is known that activation of TNF is correlated with induction of inflammation (38) , and enhancing CRP leads to rising in response to infection or tissue injury (62) . The potential of GNPs to diffuse through cellular membrane without inducing harmful effect goes together well with the absence of any inflammation in the cells or injury during GNP-passing through the nuclear membrane; thus, they just induced Apoptosis is a form of cell self-murdering and needs specific proteolytic enzymes including caspases (63) . Our experimental studies demonstrated that the highly significant duplication of caspases signals as observed with I-FISH could trigger the induction of cell suicide in human blood lymphocytes after treatments with variable shaped and sized GNPs. We confirmed these results with apoptotic-necrotic evaluation. In this experiment, we found that SR-GNPs induced both apoptotic and necrotic cell death highly significantly. While, S-GNPs induced necrotic effects and SC-GNPs induced apoptotic cell death highly significantly at higher concentration in treated cells. This apoptotic effect could result from the potential of GNPs to penetrate nuclear membrane and trigger imbalance in apoptotic specific genes. Some studies mentioned that necrosis may be due to generation of (primary) necrotic cells by extreme trauma which lead to increasing cellular membrane permeability (26) . Previous studies suggested that extreme necrosis produced due to obduracy of apoptotic cells, overload of suicide cells, failure of phagocytosis and progression of early apoptotic cells into late apoptotic cells (secondary necrotic cells) at which the cellular membrane permeability increases (64) . This suggestion explains the high ratio of necrotic cells observed in our experiments after treating human blood lymphocytes with variable sized and shaped GNPs. The potential of nanoparticles to induce cell cycle arrest was assessed previously. Silver nanoparticles triggered cell cycle arrest in G2/M phase of human glioblastoma cells (U251), besides it induced DNA damage as recorded with the Comet assay and micronucleus test (65) . Also, GNPs arrested cell cycle at S phase as investigated with cell cycle analyzer using flow cytometry, and induced apoptosis in multiple myeloma (U266) cell line, and the late apoptotic cells caused DNA fragmentation (66) . These findings explain our results which demonstrated that GNPs triggered apoptosis through increasing signals related to apoptosis such as caspases and TP53 genes rather than other genes as observed with I-FISH analysis. Also GNPs affected severely on cell division as observed with mitotic activity have the potential to affect on human genome in G2/M phase. That is why the proportion of cells reaches to metaphase reduced highly significantly as detected with mitotic index in a concentration dependent manner with all GNPs types.
In conclusion, our research study demonstrated that high concentrations of GNPs reduce mitotic activity and inhibit cell proliferation due to a stop of cell division in human blood lymphocytes. GNPs enhance duplication of caspases and TP53 genes which are involved in apoptosis in human blood lymphocytes. The high overload of dying cells due to apoptosis led to progression of early apoptotic cells into late apoptotic cells or secondary necrotic cells as demonstrated with apoptotic-necrotic assays. Further investigations should be done to investigate the mode of cell death with different shapes of GNPs and their direct effects on human genome.
